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I . I i; t rod nc t i on 

Too origin of c^rnict is *»a rt neawnre, which used to / 5* 2 * 

!>o used ’or storin'.: har vor.toi or t 'int‘*d food aoJ for cook’ n ** 
it. \ s Ion , as e a r t k e p v i r ha d no cracks or holes no ‘ coni'’ 
io l v* water, it servo I t p pti- pose. As oirth’*i v ir ■» , o >an to 
ho US'* 1 for re 1 i" i oils colon rations, t o vaster n. : hotter •: h o n « 1 
•came ,ior° in leisan , w i c h consequently developed the technique s 
tor selecting, purifiyin nnd for inn the ciiv. o irthen nr* with 

bet ter a ppea ranee became iva 1 1 1 1 e , i t be in to be used is ■ r 
or roon accessories. 1 ts v a 1 i :* was determined h • its color, loro, 
and on ’rived pattern, *.* *ich he l ones t. o r u* design a snort, as veil 
•ns by its endurance. T ms, Ictus'’ t m quality of earthen /are was 
detor-iine! by its q i v*;tranre, the ‘ ocus was nut on the selection 
or tee r a " r it or i.' 1 I , its r oc e s f i a • , t °c n .a i j n n for aha' in , : e s L n 

md technique >r i u s f o n y s in ter 1 ng it tokee j 1 1 f r oa l e f or min q. 
Phoso techniques have : * >r rj passe! on iro r ; r *n^r it ion to ;pnor - it i '»n 
;oc r o t I , e ** which excel lort •* i r * h • :r.;n r * > '»on n •: c . 

because t:iis t y •» a of attitude tovir : earthenware i n •: its 
production techniques was level oped over runny years, tiny :t i > 1 
re.aain as pirt of our customs when wo \i.nut ictnra various oth^r 


* umbers in tno margin indicate pagination in the foreign text. 
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types or oar then vs re oven now. e r°lied on the con vontionn 1 
techniques, add i nr* many different raw materials in a consistent 
order, varyin the sintering temperature and t i me, whenever we 
had to improve the qua I tty ot t i » ' » earthenware or when we were trying 
to develop a new product, .'henever wo needed to nanu f <ac ture th n 
product for n specific use, we ;n n w trie techniques for loin', so: we 

either a! e' feldspar or bone ash to fuse the product by sinterin'*, 
or increase t ho mount u kaolin to i.ipro ,,r * the refractoriness, 
or added talc to decrease the swell in ;, hut we rid not know why 
these tec m ’piles worked. Therefore, we did not -now exactly want 
need eh to he dev* v i r *it more innroveient needed Lo be made or v hen 
other type, o ceramics v* i L h n e qualities were required tp he :n;!o, 
dost ot t he ♦ i:no, we had to resume study i n the .nixing ratio o f 
the mat '** ia 1 s sinc° ve !i! not know otherwise. This e.ant that it 
was o i n - to he a very difficult task to f*?v n lop what 'ir° called 
tine ceramics of nigh quality because they .are not found commonly, 

ii at we no^f! to do h «re, i n t ne above ?:;n vile, is to study by 
— r a y d’lif’ction the p r o I u c t tea' i supplemented v i t h talc in 
tie base ti lower the swelling rite. In su_h a case, it is 
necessary to c l a r i f v t h e fact first that t h e s v el 1 in? w a s 
su pressed bee i iso of tan formation of indial it e. hen raw 
m atori.i Is were added in tie base to improve tie quality, t i 1 e 
improve lent is not a direct effect caused by tie additive but 
t ie ai uitive affect *u t le components of the base, suc.i as the 
type, s.iape, size, and distribution of crystal,, t ie state of air 
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bubbles (these comprise what is cello! the microstructuro) uni the 
quell ty oi‘ the commie improved as u result. That menus, 
consequently, that the ceramic quality is directly ruled i»y its 
own it. i c r os t r uc t a re. Natural ly, the nicrostructuro is formed ns 
the reactions am on q t n e "mins of the rev material occur end as 
it passes through tno sinterin’ process. ft is an absolute /” 3 
necessity t o clarify the juestions involvin’, tee n n " * a c t u r i n e 
process starting with tee selection of the raw eat or ini end tro 
mutu.nl relationship botvreon t.ne .microstructuro an-' propertd -s of 
ceramics if we a r to develop < i r. . ceramic" further in i ■» 
future. 

1 . i story of ' i c ros t r u c t e re 3 e so arc.) 

It is sa ' J t. It a t the t y n i c a 1 u:\an eye is case: l e of s o e i r ° 
objects '.3 mm 1 a r > e . o • i e efforts wore mid" to see in more detail 
after tee on 1 of loth con* ury, wnon a aicrosco pe was i a von ted. ne 
first reference t > th ' observation of ceramics is foun l in tee 
description of needle shined crystals in aard ceramics written 
by F.hrenber • in lS3h [ l|. 'hen, in i 4 5, Sorby made a polarisation 
microscope. lhir started the optical observation. la 1 547. • senate 
and others observed, f 2 ) needle shaped crystals contained in t le 
qlass ntri x of a thin ceramic piece. is we entered this century, 
there .has been an increasing number of reports written on the 
observation ol structure usinr a polnrizitim microscope. or 
example, Klein and others [3] observed ce’-.amic bases of various mixing 
ratios sintered in various conditions. fhey reported tno re stilt, 
c :• l 1 i n q w it a t t it e y made a " n i c r o s t r u c t u r e . " As implied by this, 
it seems that the needle-shaped crystals, illustrated in Figure 1, 
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became the center of attention, and consequently started active 


microscopic observations on corriir base. 



Fi'ure 1: An e.uampLo of a photograph of a ceramic base 

taken v • >o 1 a r i ?. a t i on nicroscope 

t.iis need l e-sin pe J crystal was reported in 1 '• by Ilussak [4], to 

rese till inanite* [i L 890 , Vernadsky ( 5 ] measured it n iptlcal 

nature, and ‘del lor also id sane studies f5! with various techniques 
in 1‘jU'o md so s pec u L ~ t o that it was s i t 1 i ”.a n i t e. This was found 
to be *nu 1 1 itc, very simi lar to sill iaanite optically, by bowen *nd 
others 7 on L • after research on \ ! *> -Si'- -tar to!. 

1 * *- J ~ 

]’ a e first report of microscopic observation on ceramics 
appearin'* in t.ie Yoqyo dyokaishi (J. of 'deramic Industry) concerns 
tie insulator of A i a a c n i S h i b a t a in l 11 f ] . I but a ro A sa i ’ s [ > } 
report appeared in 1911, an<i lyoichi S h i e er.u n e's reports in 1927 flO], 

ieko and others f ! 1 ] said tnat the nature cf ceramics will be 
better understood when the testing t o c h n i q u e of crystal o n t i c s , 
usinq r jiolnriz.it ion microscope, is developed. Chore was a stronq 
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wi s n to observe in greater detail at that tine. iho raaxinui 
magni fication of n optical microscope was 1 O'jOx- 1 2' >0x at 0.2 ij m 
re solution. Toward the end of the 1 *) AO's, the electronic 
microscope of traranission type began to he used for research. 

At tie beginning, the raw material powder was used as the 
observation object because the specimen was made from the powder 
by suspension or by throwing it. ' ven so, th rt sir. e and shape or 
tnic ;n of tne fine n rnnu J os able to be observed. water, 

as replicas been no available, the structure of the sintered body 
was able to be magnified ".or n L h a n several thousand ties. I* h e 
tiiickness of the granule was obtained by the darkness of the 



Figure 2: A photograph of a replica of n noli shed insulator 

base etching taken by an electronic microscope 
(by Lundin) 
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in.-i;;e wnon the powi’pr granules were* oLsorv»'l by t ransi i ss ion , but 
the height and depth of the protrud in., and no 1 low arena needed to 
be known with the? replica. But, in many cas^s it was difficult /5o4 
to determine whether the area protrude'! or w a f hoi low. This 
problem was resol ved to some extent when the shadowing of the 
material thickness became available u s i n q heavy metals such as 
i't-rd. L ure 2 shows an electronic micro. sour photograph of a 
replica of the polished base surface o r an insulator, taken by 
Lit n d i n [12], 

ovever, tnore was a proble with this replica method: 
microscopic protrusions ind concaves were not able to bo 
reproduced. ’ iis prob l '••=* v:.a resolved when the scanning t ype 
electron ic noscop a va * level > pad . b* e electron b?ii; set is 

throu . t :.e surface of ? *. p • c i ten and e its a secondary 

electron bo. a- for an observation. fhe scann In” type electron 
microscope c.ve to b '• use widely because ef its ability to 
reproduce t .he surface of i specimen in three- 1 j :ensi on.a 1 i n a p e 
and because of its simple roc ess requirement lor the specimen 
preparation since the ’ro’ton surface can o observed directly. 

A r tnis tyoc of microscope bee ace available, the structure of 
granules, th oi r si.se, snipe, .an! distribution, were able to >. .1 ni- 

fied by the reproduction factor iron several thousand to several 
million, and this became the dawn ol the popular use of micro. s- 
trucfiro. Hi' ure 3 siiov/s true examples of photographs taken ly 
electron ricroscopo of ceramic pieces. froi those paoto r.aphs, 
it is clear that preparatory processes, such as etching, are 
still required before being able to observe the micro structure, 
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a 1 1 n o u g h it. is much 
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P uotoqraphs of a ceramic bn so taken L>y 
scTiriin;, typo electron nicroscope 
( n ) roKon surface (b) Polished suffice 
(c) ten i n ^ surface done by fluoric acid 


As the scanning tyne electron microscope became available, 
it became easy to tube pictures and on si ly determine wait the 
specimen muter i - ’ l is only by lookin'*, at the appearance and to v.*rite 
descriptions of it: this increase the danger of d r n v: i n a a 

completely opposite conclusion once a judgment on the photograph 
is mistakenly made. In order to a v o i d s ti c h m i s t a •: e s , s p o c i is e n 
crystals needed to be fixed at one position. One of the means to 


achieve this was to also use electron beam d if friction, which 


is to find the cnnposin : olsionts of the crystals. This method 
became available when the technique was developed with the analysis 
ol' the X-ray properties emitted from the specimen when an elec- 
tron beam was ci^t on it, and they became commercially available 
a s ! . ? ' i A , an X-ray micronnnlyzer. 7 i qu r e 4 she w s t h e examples of 
,?‘;A photographs. i'hen, one more step was male, and what is 
called an analysis electronic microscope became commercially 
available, which combi nor tie analysis technique w 1th com outers and 
quantifies the r o - n o s i n . o lermrts of the crystals. 



Figures 4: K x apples of ' i A photon raphs of an alumina sintered 

compact containin’ . r 0 ^ , S n 9 0 1 ( i a m a n o , ‘iota) 

Tii us tao requirement for study in the phase, composition, 
shape, sine and distribution of the specimen crystals could 
be satisfied :>y the development of microscopes, from the 
optical to the electronic oie. Since more than ten thousand 



magnification became available with the electron microscope, 
requests to sen the crystal lattice conf i-untion be; an to 
oner e. 'tie resolution of the electron microscope can be 
increased by raisin; tie acceleration voltn’o, v/nic a s sort on s tie 
wn v •' 1 on ; t h of the elect ran ! ict:, since its resolution Is approxi- 
mately 1/ of t >\ n used a 1 octrom-not 5 c •■•’•a ve lenpth. ins, t w * 
acceleration voltaic of the microscope is increased fro- t;b“ 
initial voltage, a n n r o : I > a t e 1 y " • ' or '* ’ , an 1 so-^tinos rn i s^i 
to several t ion sand hilovolts, v h. i c a a i ?o cons » sir vat 1 y i ncrea s o ; 
tie ! e re *» of v .a c u u i :i t ! • o c / 1 i n b « r . : m, r •* 1 s , a i i • b r ^ c <-» ’ \ t i o a / b 

electron microscope of an' stror; order was mn ■ . ' its a icr aslope 

made it possible to directly observe tie atomic con'i oration and 
tne crystal lattice disorder. Some of the exnmnles of photo -rnpns 
tn'<en by this type of microscope nr -» s' t o w r. in this paper. 

besides tie s u p e r - h i e h v o 1 t a q o electronic microscope u s o i 
for observing the atomic confi u ration directly, there save neen 
anotaer method for stud yin; tan crystal configuration indirectly, 
usinq v-riv diffraction turouqi crystals, v h 1 c h was 'iscove^e-d by 
I.auo in 11 i . '• he X-ray dif fraction apparatus was difficult to 

operate at the initial stipe end it too’; a Ion-* time to o the 
operation; therefore, it. •.•as mainly used for analyz inn tn° structure 
ol crystals. fan study on c e ! i t e by S h u h i c h i V a m a u c h i [ 1 ] and tne 

analysis on tiio structure of alum in urn fits note by boro fa.mnqucii 
[ .1 A ] are examples of rosoarc.i conducted in taose 'bays. ' bis 
ni e t h o ; 1 was also used for studios on the ceramic base: an example 

is the report on the crystal configuration of commercial 
ceramic bases made by foshio Nnkai in 193‘> fib]. Aft or an 
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X-ray diffractometer, composed of (leiq^r tubes, became 
commercially avail able, \-ny diffraction bo.qnn to bo 
used widely rs the easiest and simplest method of identifying 
crystals, ean while, tne a an 1 vs is of crystal licrostrurture 
was remarkably improve' in terms of its accuracy and efficiency, 
because the accuracy of instruments war improved, now instruments 
were evolopod, and a new four- axle single crystal diffraction 
apparatus was lacle. In addition to .’-ray diffraction, various 
physical techniques were developed for -ensurinn crystals, such as 
the electron beam, neutron beam diffraction, or c i o technique of 
measurin’ the absorbed spectrum. These techniques made it possi- 
ble to Min a rent, leal of knowledge. 

Thus, the method for stud yin: the factors at fee tine the cerar; ic 
nature has neon developed to t ie point whore the optical 1 cro.sc ope 
electronic microscope are used and to the details of atonic order, 
after stir tin’’ of examinin' 1 the defects ti th n human eye. 

3 • idie . s ■ n i a ’ o i iicrostructur 

’.’non small sice structures were able to lie observed by min ” 
a microscope, instead of just >el no observed with tne human eye, 
this structure was called eit.ier fine structure or microstructure. 

As the electron microscope been ;c available, the word n , ^re- 
structure be pan to be used more often. Some peosle differen- 
tiated the construction such as crystals, observed by X-ray ^fi ruc- 
tion, from the microstructure, but recently the word microstructure 
has been used to signify both trie fine structure and construction, 
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b e c ri ii s p i nstr'i^onls worn isnroved ,nH b r»crn® c a p a b 1 e of h a p d 1 i n g 
both t ho observation and t ho analysis of tho structure and the 
observation was improved to the atomic order level, a nr' because 
both the construction and structure can affect the nature 
of ceramics. 

Pfie word equivalent to "micros t rue turp” in Japanese is 
" bikozo . " U'nen 1 us^ ! tne word "hi kozo " i. n l f <4.‘ to 19 *5 2, not much 
interest arose about b icozo (micro structure) then fit)]: there were 

a few cases wher° microstructure was 'ealt with, such as the st tidies 
done by Kivoji Kondo f 1 7 ] in 1931 and others [18], Occasionally, 
the expression "hisai kozo soshiki" is used as the word equivalent 
to "microstructure," moaning the micro-structure-construction, 
but it seems that the word " bi kozo " has bee ore established as the 
Japanese equivalent word meaning micro struct lire. 

According to the V o c y o Piet ionary [19], the definition of micro- 
structure is described ns "the constitution of t. h e microstructure that 
can be studied by using a m i c r o s c o p e or by applying X-ray 
measurement technique. Concretely, this means the type, constitution, 
construction (including defects and disorders) of glass end 
crystals; the intergranular f i e L d T'lom; the crystals, the consti- 
tuent distribution, the distribution of the interior stress; the 
shape, size, ratio and distribution of air bubbles and voids. 

As has been discussed above, the techniques for measuring and 
observing the microstructure have developed remarkably, for 
both the construction and structure. However, this does not mean 
that our knowledge of nicrostructure has expanded to the same 



decree. The information on the nicrostructure can only be obtained 
after each measurement and observation result is gathered. It 
means that a segment of information gathered by one technique floes 
not make up a sufficient amount of information. Segments of infor- 
mation obtained by applying each technique need to be gathered, 
compared and complemented to make up the deficiencies in the segment s. 

I have written the outline of a description and comparison of the micro- 
structure testing methods before [201; so, I will not discuss it here. 

4. The Relation Between the Microstructure and their Properties 

The basic properties of a material are determined by the types 
of constituent elements, the bonding types of atoms, the 
crystal configuration, and they are also affected by the defects and 
disorders of the crystal lattice. The properties of a single 
crystal are frequently controlled hy structural factors. 

However, the fact is that more multi-crystals are used than 
single crystals in reality. The properties of multi-crystals 
are affected by the size, shape, distribution of crystal 
granules; and the thermal-expansion coefficient, intergranular 
stress caused by anisotropic elasticity, and the nature of the 
intergranular field, which are all related to the former factors 
listed above . 

In many cases, a multi-crystal contains air hubbies, or it 
may have cracks. Naturally, the amount or size and the shape of 
such voids can affect the nature of crystals. The multi-crystals 
used in reality are most likely to have more than two types of 
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crystals, or trie 3 1 a s s pin so my bo contained in them. The re fore, 
tho properties of tho commie materials which are most often 
used contain t n o 1; I ass phase, irn! air rubbles and voids aro affected 
by many factors a r L s i n 2 i ro n tho structure. 

The following lists examples or tho very close relation ship 
between tho properties of materials and tie factors arising 
from their micros tructuro. The examples of to* structural 
factors are semiconductivity, tie crystal configuration 
regularity of silicon, and the relation observed w.ion a small 
amount of 3 or P of different valence, is aided to silicon. 

Klectric and magnetic characteristics a r e most often r u 1 o d 
by tho construction factors of crysta 1 s. \n exirp 1 c of 
the nature r'i I e«! 'ey trie structural factor is that the mechanical 
strength of the material is decreased, :i itura l 1 ', as ore air 
bubbles are contained because Lhis decreases the part of tho 



<-> y s : 

1 . i n d i 0 •> intensity 
. u 1 : lens i t y 


Figure 5 : 


i s 



The bulk density and bead in 1 strength of ceramic base 
(From II a m a n o and Leo 121]) 
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material that is able to support the we i gat when a weight loa: 4 is 
added to the material externally. Figure 5 shows the relationship 
between tie bulk density and bonding strength: the strength /5 s ' 7 

increases as the base has a higher bulk density. <n the otner 
hand, i f you Look at a nigh bulk denlsty range, for example from 
2.3 to 2.5 g/cn“, the bending strength is distributed quite 
wide ^ 1 though the hulk density range is not so l^rge. The specu- 
lation f roa this is rant t her" a**e so me other factors affection it. 


' o s t of t a r» air bubbles contained i a the ceraiic base are 
c 1 o s o to a spherical s a .a p e , while t n e voids contained in ~ e r a n i c 
bases in general >ave various shapes. As the curvature radius 
ot th n tip onii o* tne void changes, the '-oncentration of t:i n loatl 
changes and the change affects the strength of the material. 

Figure snows the relationship between tie stress a act curvature 
r idius On: tae tip en 4 of a notch node in a sintered alumina compact. 



Figure b: The relationship between the curvature radius of a 

notch nade in a siat^roi alumina compact, and Kj r 
(From iertolotti) 
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and tne expansion coefficient V ^ [23], The diagram indicates 
that the smaller the curvature radius is an! the sharper the t-jp 
end of the void is, the smaller k’ j- turns. 


F h e strength of ceramics varies according to the voids or 
cracks contained in them. \ccording to Griffith [23], the strength 
^ of a brittle material has the following re l it ions hip ”ith the 
1 e g t h of a crack 2 C , 

9 Vtl t' J -i 

K represents the Young modulus: ind r . , the break start surface 

energy. Tt is clear from this equation that the longer th" crack 
length is, the smaller the nte r ia 1 strength is. his -eons that 
tne a no tint, shape arivl si of voi''s contained ia ceramics affect 
tneir mechanical strength, and it is also affected by the granule 
diameter of the constituent crystals. Figure 7 shows the relation 



Keys: 

1 . ending intensity 

2 . hulk density 

3 . T h e characters written 
on the ’ine represent 
sint«rin g agon t s . 


‘•’igure 7: The granule diameter and heading strength o f SiC 

sintered compact 
(‘•V Nakamura ot al. f 24]) 
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between the grnnule diameter and strength of a SiC sintered 
compact which was added with various additives at 1-2 wt " and 
hot pressed, and whose relative density me as tired higher than 9 tf % . 
The compact was made by '.'akamura et a 1 ( 24 J, Tt is indicated that 
the smaller t h e granules are, the higher the strength grows. 

'•no of tno shortcomings of ceramics is their brittleness. It 
is known that the materials of a long interatomic distance, small 
surface energy, and high Young modulus, generally show brittleness. 
Ceramic crystals of bonds between positive and negative ions 
or between negative ions, which mean ionic or homo polar 
bonds, make up the primary bonding of c°nnic crystals and 
create a particular bonding direction. Thus atoms are not packed 
well and Jong distances are lett among atoms, which causes the 
surface energy to be small because the electron density is low, 
and the crystals do not deform easily because there is a parti- 
cular bonding direction: this makes the Young's modulus high. 

All tiiese particularities match with the conditions that causes 
the brittleness; therefore, brittleness is the basic nature of 
ceramics as it arises from tneir construction and there is no way 
to avoid this shortcoming. 

Althoug n the brittle nature of ceramic crystals is 
unavoidable, they have what is called a structure because many 
ceramic raw materials are composed of a large number of crystals, 
in which the glass phase and air bubbles are contained. Recently, 
some experiments have been conducted actively, trying to overcome 
this brittleness of ceramic raw materials by utilizing structural 
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factors. Some of the examples involve efforts trying to /58S 

disperse fine zirconium granules in alumina to develop and 
distribute microscopic cracks homogeneously, which is to prevent 
the development of larger crackr [25], or another effort is to 
distribute tetragonal zirconium fine granules of the qua si- 
stable phase in tetragonal zirconium homogeneously in order to 
absorb the energy used for cracking tie tip end hy transforming 
the tetragonal zirconium to monoclinic crystals [2b], r, microscopic 
secondary phase granules were precipitated and disperse i, as 
shown in Figure H , as an effort to ore vent the development, of 
cracks [27], fhese examples represent the efforts tfiat i?> v° 
been made in improving ce rami'* properties by utilizing factors 
arising from their microstructure. 
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Figure o: A photograph of a spinel compact composed of excessive 

alumina before and after reheating, taken by 
transmission type electron microscope 
(From Kamizaki, Mamano, Nakagawn, Saito [27]) 
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The above ciiscussion described the fact that the character- 
istics of ceramics are related closely to its micro structure, by 
drawing examples from ceramics' mechanical characteristics. The 
same can be said about other characteristics of ceramics also. 

5. Microstructurc Formation 


Tie micro structure of ceramics, wnich determines the ceramics' 
characteristics directly, is formed, as one can suppose, during 
the manufacturing process. The crystal phase of the sintered 
compact, the type of glass phase, and their ratio depend on the 
types and nature of the used raw materials. Th® mixing ratio of 
the raw materials and the *• { 7 P 0 f sintered cnmpict also affect 

the microstructure that is grown as a result of sinterine. Solid 
phase reactions occur among granules and generate compounds and solid 
solutions during a heat processing. Ac the same time, sintering occurs 
among, the coexistin' granules. According to the degree of this 
sintering, the rate ot air bubbles changes. In some cases, 
comelting occurs among the contacting granules, and some of the 
granules melt, and in this melt other granules melt. When the 
components of the melt change, a new crystal phase may grow. Or, 
sintering or crystal granule rovth may be promoted by the melt. 

The shapes and sixes of the contained voids .may even change 
because of the existence of a liquid phase. Some crystals, depending 
upon their type, may transform to another type of crystal when 
they are switched to cooling after heating. This can sometimes 
entail a volume change also. Crystals mav ho deposited from the 
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nelt, or liquid phase or solid ohase fissions -nay occur during 
cool i ag, and after a while the viscosity of the nelt that did not 
crystallize will grow hi g her to the point where it solidifies in the 
g lass phase keeping the crystal granules and voids. As the coo line 
progresses, both the glass phase and the crystal granules shrink, 
which can cause c r a c •< s in t h e case where crystals of different 
types and directions are sintered since different types of stress 
will he generated in the intergranular field. 1'anle 1 sunn arizes 
tnese changes that may occur during sintering. 

Table 1 : Changes observed during the sintering of a roranic base 

. Water discharge among solid granules 

K' e y s : 

. *\ d s o r p t i o n water discaargo 1 . Tenting 

2 . C o o l i n g 

. Dinydration, lecon position, ovi 'at. ion 

. So] 1 d p base sinter i.n g 

. Solid paaso reactions (formation of 
cnemical compounds and solid solution) 

. Cone 1 ting, .melting and dissolution 

. Sintering involving Liquid pnase 

. Crystal deposition, crystallization 

. Cra n u 1 e g r ov t b 

. Phase transition (swelling, shrinKa*?) 

. 1, iquid phase fission, solid piiase fission 

. Residue nelt phase solidification into 
glass 

. Composing phase shrinkage by heat 
( S wo l Ling) 





deaeration of intergranular stress 
(intergranular fission) 



1’ho ceramic nicrost. ructurn in fono'l when ooino t iroupn these 
processes. These reactions and the sintering process are affected, 
for example, by the type, size and condition of the raw material 
granules as well as trie conditions of granule dispersion and 
packing. The conclusion is that ceramic microstructure is 
strongly influenced by all tne processes: raw material selection, 

pretreat me nt, mixing, forming , sintering and manufacturing. 

6, . licrostructnre he si ; n and Property Control 

As has b«en discussed above, the commie characteristics are 
controlled directly by its micro structure. Chen a ceramic of 
certain particular cearacteristics needs to be developed, we 
should be able to know which crystal and glass phases nave to be 
selected for the purpose of including the expected characteris- 
tics and at what level they need to Pe grown in order to obtain tiie 
kind of nicrostructure that is expected. 1 t is also possible 
for us to speculate what kind of c 1 1 a n g e s need to be made in tne 
tnicrostructure vii^n certain properties need to be improved. An 
example was given above referring to brittleness. fhe word 
micro. structure design is used when the concept of the kind of 
microstructure to be made is formed in order to add certain 
characteristics to ceramics tnat they do not now possess. 

(>ncc? tne microstructure Is designed, the whole manufacturing 
process should be determined before tne actual manufacturing. 

The decisions involve the selection of the raw material and its 
pretreatment, mixing and forming techniques, and sintering concii- 
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t ions. 


When the manufacturing process conditions and the compact 


micro structure are changed for the purpose of controlling 
the characteristics of the ceramics, it is called property 
control . 

The nicrostructure design and property control of ceramics 
are the ideal techniques for the people involved with ceramics. 
However, when these techniques are going to be actually used, a 
sufficient amount of the basic materials, relating to the rela- 
tionship among the factors of the ceramic properties and micro- 
structure, are required. In addition to this requirement, one 
needs to have basic knowledge of the reactions, sintering and 
transition of phases that occur during the raw material treatment 
and sintering, as shown in Table 1. ,p hore have been some success- 
ful experiments already conducted in nicrostructure design using 
such materials and knowledge. u t , unfortunately, we do not have 

yet such materials and knowledge developed to the ful I degree. 

've have to admit the fact, furthermore, that we h a v e very little 
knowledge of fine ceramics that is expected to bo developed in the 
future . 

7 . Postscript 


Microstructure design and property control are the kind of 
matters that are easy to discuss but difficult to do. On the 
other hand, it is obvious that the capabilities expected of fine 
ceramics, that cannot be satisfied by other materials, would not 
be achieved bv the traditional approaches, by adding various 


21 



additives or chan^in^ sintering conditions. In any case, it is 
absolutely necessary to add more properties to ceramics and 
determine them in terms of microstructurc. Fortunately, the 
method of microstructure research has improved tremendously 
and the general understanding of microstructure has grown r e m a r 
kably in recent years. Pur hope is that many researchers will 
continue to develop materials, knowledge and information of the 
superior q u a 1 i t y and they will b e utilized actively. 
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